Despite the continuing progress made toward mapping kinase signaling networks, there are still many phosphorylation events for which the responsible kinase has not yet been identified. We are interested in addressing this problem through forming covalent crosslinks between a peptide substrate and the corresponding phosphorylating kinase. Previously we reported a dialdehyde-based kinase-binding probe capable of such a reaction with a peptide containing a cysteine substituted for the phosphorylatable ser/ thr/tyr residue. Here, we examine the yield of a previously reported dialdehyde-based probe and report that the dialdehyde-based probes possess a significant limitation in terms of crosslinked kinase-substrate product yield. To address this limitation, we developed a crosslinking scheme based on a kinase activity-based probe, and this crosslinker provides an increase in efficiency and substrate specificity, including in the context of cell lysate.
INTRODUCTION
The protein kinase-catalyzed transfer of phosphate from ATP to protein substrates constitutes a major form of information transfer in eukaryotic cells. With 518 human kinases (Manning et al., 2002) and an estimated 20,000 or more phosphorylation sites (Goel et al., 2012) , the phosphoproteome is a complex network of enzyme-substrate relationships. Whereas robust methods exist for identifying downstream substrates of a particular protein kinase (Allen et al., 2005; Garber and Carlson, 2013; Garske et al., 2011) , the discovery of new phosphorylation sites outpaces the identification of kinase-substrate pairs by these methods (Garber and Carlson, 2013) . A method to match kinase-substrate pairs by the reverse approach, that is, starting with a known phosphosite and discovering the kinase responsible for installing the phosphate group, would provide a much-needed tool for deconvoluting signaling networks. Due to the weak affinity between kinases and their substrates, a method to covalently crosslink a known substrate to its upstream kinase would facilitate unbiased approaches to identify the kinase(s) responsible for a particular phosphorylation event (Eyrich et al., 2011; Suwal and Pflum, 2010) . However, development of a suitable chemical reaction to crosslink and identify new kinase-substrate pairs has remained elusive (Parang et al., 2002; Suwal and Pflum, 2010) while the need for such a tool has increased as more phosphosites are discovered (Lemeer and Heck, 2009) .
We previously reported a three-component chemical reaction capable of covalently linking an engineered ''bait'' quasi-substrate peptide to a kinase (Maly et al., 2004) . The quasi-substrate contains a cysteine residue in place of the target serine, threonine, or tyrosine residue, creating a traceable reactant in a bio-orthogonal reaction. These crosslinkers comprise a promiscuous kinase binding group and an aromatic-dialdehyde, which is able to covalently link the cysteine residue from the quasi-substrate to the conserved lysine residue on a kinase via a three-component cascade reaction as shown in Figure 1A (Statsuk et al., 2008) . In this report, we investigate the stepwise yield of the dialdehyde-based crosslinker and found that the initial reaction between the target kinase and the crosslinker is robust; however, the subsequent reaction with the cysteine peptide is very inefficient. Although the reaction produces sufficient crosslinked product for detection with western blot, the yield is too low to allow for unbiased identification of the kinase with mass spectrometry. Thus, the poor yield of our previously described crosslinking reaction limits our ability to use this technique for the discovery of upstream kinases.
To develop a crosslinker suitable for unbiased kinase-substrate detection, we designed an ATP-based crosslinker that proceeds through a two-step mechanism as opposed to a three-component cyclization. The crosslinker is based on the well-validated acyl-phosphate activity probe (ATP-biotin) for biotinylation of lysine residues in the kinase active site (Patricelli et al., 2007 (Patricelli et al., , 2011 . Replacement of the biotin with an acrylate resulted in efficient tethering of an acrylamide to an active site lysine residue, which is then primed for reaction with the quasi-substrate cysteine-containing peptide. We demonstrate that this crosslinking approach significantly improves the yield of the crosslinking reaction while retaining kinase substrate selectivity.
RESULTS AND DISCUSSION
Liquid Chromatography/Mass Spectrometry Investigation of Thiophene Dialdehyde-Based Crosslinker The tyrosine kinase c-Src was chosen as a model as it is readily expressed in Escherichia coli (Seeliger et al., 2005) , well behaved in vitro, and amenable to analysis with mass spectrometry. Reaction of c-Src with aromatic dialdehydes in the absence of cysteine-containing peptides yielded the intermediate imine, which was trapped by reduction with sodium borohydride (Means and Feeney, 1995; Figure 1A-Src-imine) . Incubation of Src with 1 followed by treatment with NaBH 4 revealed quantitative adduct formation in 5 minutes ( Figure 1C ). The extent of modification was assessed with ultra-pressure liquid chromatography electrospray mass spectrometry (UPLC-ESI-MS) with the intact protein. The technique relies on the assumption that a covalent addition of a small molecule is a modest modification to a protein and therefore does not alter the protein's ionization efficiently (Adamczyk et al., 2000; Bateman et al., 2004; Green et al., 1996; Weber et al., 1995) . We have confirmed experimentally that the signal intensities measured for c-Src are linear with concentration and not altered by a small molecule adduct (Figure S1 available online) . To test whether the dialdehyde reactivity alone was sufficient for reaction, or whether targeting to the ATP site contributed to adduct formation, we treated c-Src with thiophene dialdehyde (TDA; Figure 1B ), which contains no adenine mimetic. As predicted, the product formed in the absence of the kinase-binding element is almost undetectable, suggesting the reaction occurs in the active site and is greatly enhanced by noncovalent positioning of the dialdehyde near a lysine residue in the active site.
The final step of the reaction requires nucleophilic attack of the kinase-imine intermediate by the thiol of the quasi-substrate cysteine residue, followed by cyclization to yield the final crosslinked product. We used an optimized Src substrate peptide sequence (Srctide) with a cysteine in place of the target tyrosine residue as our quasi-substrate (Biotin-ZZICGEFRRR, CysSrctide, Z = ethylene glycol). However, no product formation was detected upon addition of Cys-Srctide to the c-Src-1 complex despite using concentrations exceeding 200 mM, significantly above the K m for the peptide substrate (Till et al., 1994) . Two possible explanations for the failure to detect the expected product were considered: either the reaction is taking place, but the cyclized product is not stable enough to withstand LC/MS detection or there are steric constraints keeping the cysteine from accessing the imine. To rule out the first possibility, we used a small molecule thiol, 2-methylbenzylmercaptan, in place of the quasi-substrate peptide. At high concentrations, 2-methylbenzylmercaptan shows significant product formation (Figure 1D ), suggesting the assay was suitable for LC-MS detection of the product. Based on this result, our hypothesis is that the Cys-Srctide is not appropriately positioned for attack of the imine once the peptide binds to the kinase. Both the crosslinker and the peptide contain kinase-binding elements, which we postulated to impose geometric constraints limiting the variety of orientations the imine moiety and cysteine residue can adopt, which is not the case for the benzyl mercaptan.
Design of the Crosslinker
In considering how to optimize thiol capture of an electrophile in the kinase active site, we were inspired by acyl carrier protein domains in which a phosphopantetheinyl prosthestic group is 
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Chemical Crosslinking of a Kinase Substrate Pair attached through a phosphodiester bond to the hydroxyl group of a conserved serine reside (Walsh et al., 1997) . The 13-atom phosphopantetheinyl addition effectively converts the serine residue into a flexibly tethered thiol that is available to perform additional chemical reactions at the enzyme active site. With this in mind, we envisioned a prosthetic electrophile attached to the catalytic lysine, thus converting the conserved lysine residue into a cysteine-reactive electrophile capable of trapping the bound Cys-Srctide.
To deliver a cysteine-reactive electrophile, we took advantage of the chemoselective nature of acyl-phosphate-based activity probes pioneered by AcitvX Biosciences, such as ATP-biotin. These probes contain a phospho-anhydride group that targets one of the two conserved active site lysine residues in the vast majority of kinases (Patricelli et al., 2007 (Patricelli et al., , 2011 . Our selection of electrophile was largely based on two factors. First, our previous crosslinker designs based on the dialdehydes strongly suggested that more reactive thiol-electrophiles were subject to side reactions and second, the crosslinker must be stable in solution. Methacrylamides are less reactive in comparison to other Michael acceptors (Tsou et al., 2001) , and the methylacrylate anhydride is more stable than corresponding acrylate, so we proceeded with a methylacrylate-based crosslinker. In contrast to the dialdehyde-based crosslinker that remains covalently attached throughout the reaction sequence, ATP is released in the acrylamide formation step. We thus anticipated that the methacrylamide being attached by a flexible tether to the active site lysine might provide for more efficient kinase substrate crosslinking (Figure 2A ).
LC/MS Investigation of ATP-Acrylate Crosslinker
Consistent with data from ATP-biotin ( Figure S2 ), crosslinker 2 showed complete modification of c-Src after 20 min ( Figure 2C ). This modification can be completely inhibited by the addition of a covalent Src inhibitor (Gushwa et al., 2012) that targets an active site catalytic lysine ( Figure S3 ). In contrast to the previous dialdehyde-based strategy, the addition of Cys-Srctide to the acrylamide adduct showed significant crosslinked product. The Cys-Srctide product formation shows sigmoidal dose dependence, with half-maximal activity at 63 mM near the published K m for the noncysteine-containing version of this peptide (Till et al., 1994;  Figure 2D ). In contrast to the corresponding reaction with crosslinker 1, 2-methylbenzylmercaptan is much less efficient, which is consistent with the lack of binding interaction with the kinase. Taken together, these results show improvement in the overall yield of the reaction from below the limit of detection for LC/MS to 40% conversion in 25 min.
Substrate Selectivity
To trap bona fide kinase-substrate pairs, the crosslinking must be selective; meaning the crosslinking of kinases to their substrates must be more favorable than the crosslinking of a kinase to a quasi-substrate derived from another kinase phosphorylation sequence. To test the selectivity of the reaction between c-Src and Cys-Srctide, we compared this reaction to that of c-Src with cysteine-containing peptides lacking the c-Src consensus motif over a 3 hr period. First, we incubated c-Src with 2 and Cys-Srctide and allowed the reaction to proceed to completion. 
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Chemical Crosslinking of a Kinase Substrate Pair Next, we performed the same experiment with two other peptides, Cys-Aktide (Biotin-ZZRPRTSCF) and Cys-CK2tide (Biotin-ZZRRADDCDDDD), which both contain a cysteine residue but are designed as quasi-substrates for two other kinases, AKT and CK2, respectively. Cys-Aktide reacted more slowly than Cys-Srctide and did not reach completion during the time course of the experiment, and Cys-CK2tide resulted in less than 10% crosslinked product (Figure 3 ). These data suggest our system retains the native specificity of kinase-substrate pairs.
Streptavidin Precipitation of Recombinant c-Src from Cell Lysate
To determine if the strengths of the acrylamide-based kinasesubstrate crosslinking strategy are maintained in biologically relevant systems, we tested the reaction in cell lysates. Recombinant c-Src kinase was added to HCT-15 cell lysate with crosslinker 2, followed by the addition of varying concentrations of biotinylated quasi-substrates. After 25 min, the reaction was stopped by addition of 8M urea, incubated with streptavidin beads, and the isolated proteins were analyzed with western blot ( Figure 4A) . To compare the effect of the dialdehydeversus acrylamide-based crosslinkers, we compared the efficiency of c-Src isolation between crosslinker 1 and crosslinker 2, respectively. Based on our previous LC/MS experiments, we expected very little capture of c-Src by crosslinker 1. In the experiments with crosslinker 2 and Cys-Srctide, 1% of the total recombinant c-Src added to the cell lysate was recovered by precipitation ( Figure 4B ). In contrast, the yield of c-Src from the experiments using the previous crosslinker 1 was not higher than the background signal even at the highest concentration of Cys-Srctide.
To test peptide selectively in the same cell lysate, we compared Cys-Srctide and Cys-Aktide in reactions using crosslinker 2. As expected, the yield of c-Src using Cys-Aktide as the bait quasi-substrate was less than that of Cys-Srctide, reaching only 0.5% of recombinant c-Src with the highest concentration of peptide. However, unlike the results with crosslinker 1, the percentage of c-Src recovered with 40 mM Cys-Aktide and crosslinker 2 is significantly above the negative control, indicating the reaction is occurring in a manner consistent with our experiments performed using purified components. At the lowest concentration of peptide, 5 mM, Cys-Srctide and crosslinker 2 still capture roughly 1% c-Src, whereas c-Src is not captured at a detectable level by Cys-Aktide at the same concentration. These data show that low concentrations of peptide may be optimal for capturing the desired kinase while minimizing background from off-target reactions.
In conclusion, mass spectrometry quantification of kinase-substrate crosslinking reactions led us to explore a crosslinking strategy based on a tethered acrylamide rather than previously reported dialdehyde-based cyclization reactions. The new acrylamide-based method produces kinase-substrate crosslinking with higher yield while maintaining selectivity for correct kinase-substrate pairs. This approach is inspired by biological examples of nucleotides delivering chemical prosthetic groups to proteins both in nature, such as coenzyme A transferring phosphopantetheine to acyl carrier proteins, and previous work demonstrating the power of activity-based probes (Cravatt et al., 2008) , such as ATP-biotin (Patricelli et al., 2007 (Patricelli et al., , 2011 . The synthetic route to crosslinker 2 allows for derivatization at both the acrylate arm and the kinase-binding element. These structural modifications of 2 may further improve the yield and specificity of the reaction for other kinases. In particular, the development of ADP-methacrylate may position the acrylate to attack a distinct lysine residue in kinases, providing different tethering sites for different kinases. Many kinases have two conserved active site lysine residues, both of which are capable of being biotinylated by ATP-and ADP-based biotin probes, and it is possible that only one of the lysine adducts will be appropriately positioned for crosslinking to cysteine-containing peptides or proteins. In addition to kinase identification, 2 could prove useful in obtaining cocrystal structures of kinase-substrate pairs with low binding affinity. Using full-length proteins as the quasi-substrate should further increase selectivity of the reaction, due to the greater binding affinity between the kinase and substrate as compared to peptides. Future experiments will include using full-length proteins to continue to optimize the kinase precipitation protocol.
SIGNIFICANCE
To gain a better understanding of kinase signaling networks, matching kinases to their substrate(s) is essential. Although there are tools to discover the substrates of known kinases, there is currently no robust discovery method to unambiguously discover the upstream kinases of known phosphoproteins in complex cellular mixtures. A selective crosslinking method with high yield will aid in mapping kinase substrate networks as new phosphosites continue to be identified. We have demonstrated both high yield and selectivity for our ATP-based crosslinker, and the yield is high enough to isolate purified kinase from cell lysate via streptavidin precipitation at a significantly higher concentration than previously reported. This represents a large improvement toward
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EXPERIMENTAL PROCEDURES General Procedure for Crosslinking Reactions with Src
Kinase labeling experiments were performed by incubating 10 ml of Src (final concentration 4 mM) in kinase reaction buffer (25 mM HEPES pH = 6.5 for thiophene-based compounds, PBS pH = 8 for acrylates) with 20 mM crosslinker (1 ml of 220 mM stock, final DMSO concentration 0.025%) for a final volume of 11 ml. The reaction was quenched with 3 ml NaBH 4 freshly dissolved in cold MeOH (66 mM) and analyzed with LC-MS. In all cases, the extent of modification was assessed with ESI-MS using a Waters Acquity UPLC/ESI-TQD with a 2.1 3 50 mm Acquity UPLC BEH300 C4 column. MaxEnt 1 software within Waters MassLynx version 4.1 was used for deconvolution of the multiple charged ion.
Thiol Reactions
The protein was labeled with a crosslinker in conditions described above for 15 min, but no quench step was performed. The product was incubated with 2-methylbenzylmercaptan (50 mM-1 mM) or peptide (25-400 mM) for 40 min. The reaction was analyzed as described above.
Streptavidin Precipitation of Src from Cell Lysate
This procedure was adapted from Pierce Kinase Enrichment Kits for ActivX Probes. Lysate was diluted with reaction buffer (Pierce) to 2 mg/ml and 500 ml were transferred to a micocentrifuge tube, to which 10 ml of 1M MgCl 2 and 4 pmol of recombinant c-Src was added to each sample. One microliter of 10 mM stock solution of crosslinker was added to the samples and incubated for 10 min at room temperature. Peptide was added at final concentration ranging from 5 to 40 mM and incubated for 25 min; and 500 ul of 8 M urea/IP Lysis Buffer (Pierce) was added to each reaction followed by 50 ul of 50% high-capacity streptavidin agrose resin slurry (Pierce) and incubated for 1 hr and room temperature with shaking. Samples were centrifuged at 1,000 3 g for 1 min and supernatant was removed. Pellets were washed with 4 M urea/lysis buffer (Pierce) and centifuged at 1,000 3 g for 1 min four times. Proteins were eluted in 50 ml 23 Laemmli reducing sample buffer (4% w/v SDS, 100 mM Tris, pH 6.5, 0.2 mg/ml bromophenol blue, 0.2 M dithiothreitol, 20% w/v glycerol) by boiling for 5 min. Proteins were analyzed with SDS-PAGE and western blot using anti-Src monoclonal antibody (Cell Signaling). Signal intensities from each western blot were quantified by using the LI-COR/Odyssey infrared image system. A sample corresponding to the concentration of c-Src added to cell lysate was used to determine the percentage of total c-Src recovered. Four picomoles recombinant c-Src was added to 500 ml of 2 mg/ml HCT-15 cell lysate followed by 20 mM crosslinker. After 10 min, the indicated quasisubstrate was added and the reaction proceeded for 25 min. The proteins were captured using highcapacity streptavidin beads. Bands were quantified with an Odyssey Imaging System Imager. 
